Introduction
The 200-0eV synchrotron being studied by the Lawrence Radiation Laboratory has an 8-0eV synchrotron operating at 18 cps as a booster injector. To avoid disturbance of the magnetic guide fields due to eddy currents, little or no metal can be tolerated in the magnet gaps. This requirement severely limits design of the vacuum chamber, especially with regard to the material for fabrication. Other accelerators have used epoxy-glass laminates, but due to the high beam intensities it has been found that this material has a very short life and vacuum chambers have to be constantly replaced. 1 Examination of other suitable materials indicated that alumina would be a very suitable material, 2 providing that industry could meet the stringent tolerance requirements. Figure 1 shows a cross section through a typical magnet. The limiting boundaries for the vacuum chamber are the magnet defocus and focus pole tips and the elliptical area allowed for the circulating beam. The only parameter that can be changed to accommodate the vacuum chamber is the distance_between the pole tips. *Thi s work performed under the auspices of the U. S. Atomic Energy Commission. tOn exchange from Rutherford High Energy Laboratory, Berkshire, England.
The length of a typical magnet is 13 ft, and a vacuum chamber for such a magnet would be 15 ft long. Industry was consulted with regard to the problems of making an alumina vacuum chamber. It was found that their equipment limited the length of the chamber to 30 in. This meant that several lengths of ceramic would have to be joined together to form a 15-ft chamber. To study the problems involved in making an alumina ceramic vacuum chamber, we ordered four 30-hi lengths of ceramic from Western Gold and Platinum Co. , Belmont, California and an order to join two of these lengths was placed with Litton Industries, Palo Alto, California. The chambers were manufactured from 97. 6% A1203 by the isostatic molding process. Jointing was carried out by brazing 0. 015 in. -thick Cu-Ni "U" flanges onto the ends of the ceramic, which had first been metallized by .the Mo-Mn sintered-metal process. 2 The "U" flanges were then welded together. Figure 2A shows a typical joint. This type of joint gave some flexibility to the 15-ft chamber, but introduced metal into the magnet gap. To keep the number of joints to a minimum, the aim was to use the longest possible ceramic sections 'compatible with industries' techniques, and yet meet the design requirements.
General Design Considerations
To conserve space the cross section of the chamber was made elliptical. The chamber must withstand a pressure of 1 atmosphere, and some work was done to determine the required wall thickness for such a chamber. It was found that a 0. .18-in. -thick wall provides a safety factor of 4; this would allow for differences between ideal and actual shape, and stress raisers, such as scratches produced while the ceramic is in the green state. This wall thickness also met the end-flange requirements.
Some indication of tolerance had to be given to the manufacturer. The inner limit was the beam area and the outer limit was the pole tip set at 0. 34 in. from the beam area at the point of minimum clearance (see Fig. 1 ). The 0. 34 in. was to be taken up by an 0. 18-in, chamber-wall thickness, a 0. 03-in, clearance for installation, and 0. 13 in. for dimensional tolerance on the -1-.
ceramic, including variation in wall thickness, deviation from cross-sectional dimensions, twist, bow, and waviness.
Manufacturing Problems
The isostatic mold mandrel determines the inside size and shape of the chamber. Alumina shrinks 20% in all directions during firing, and this must be considered when making the mandrel, so that the finished size is within tolerance.
There are two ways of producing the external dimensions--machine the ceramic in the green state, or grind after the firing cycle. It was decided that, as grinding an elliptical shape would be complicated, the ceramic would be machined in the green state. Again an allowance had to be made for shrinkage.
With the wall thickness machined to size before firing, there was a problem of how to support a long, thin-walled tube during the firing cycle so that distortion would be kept to a minimum. At high temperatures when the material is plastic, it tends to slump, and the final shape is distorted. The wall thickness was increased to 0.45 in. on the major axis, while the minor axis remained -intact to meet the dimensional requirements at the points of minimum clearance. This helped the stability of the chamber during firing, increased the strength of the fired chamber, provided a location into which pickup points could be ground, and also increased the placement tolerance of the "U flange. After some experimentation, four 30-in, lengths of ceramic chamber were produced.
Measurement of Chambers
Measuring an elliptical shape is not simple, because such a shape lacks good datum points. To accurately measure these chambers the method and equipment shown in Fig. 3 was devised. Measurements were taken which gave dimensions of cross-sectional shape along the chamber length, the amount of twist, the amount of bow in both axes and waviness along the length A special caliper gauge was used to measure the wall thickness. The findings were as follows:-
Wall Thickness
The wall thickness at points of minimum clearance was 0. 18 to 0. 20 in., but due to the problems of machining such a flat ellipse, the thickness at some points was as small as 0. 15 in.
Cross-Sectional Shape and Taper
Dimensions of the major and minor axes varied by as much as 0. 120 in. This variation resulted in a uniform taper over the length of the chamber. The variation in the major axis was acceptable, but the minor-axis variation took up a large proportion of the allowable tolerance at the points of minimum clearance.
Krom
Bow measured in the plane of the minor axis varied from 0. 03 to 0. 075 in. This again takes up a major portion of the tolerance at the points of minimum clearance. Bow in the plane of the major axis was less than 0. 025 in. and was not a real problem.
Twist
Twists of up to 1 deg were measured along the length of the ceramic, but again had little effect on the points of minimum clearance.
The total effect of these variations was checked by placing the ceramic on a mandrel representing the beam space. A gauge representing the pole tips--set at 0. 34 in. from the beam at the points of minimum clearance--was then slid over the outside of the chamber. The total 0. 34 in. was occupied by the chamber, leaving no tolerance for assembling and jointing the chambers or the 0. 03-in, clearance for installation of the chamber. By further experiments and adjustments to the molding mandrel, the 0. 12-in, taper can be reduced, but with the method of manufacture used, it may be difficult to eliminate the bow.
Cost Optimization
It is difficult to give definite figures, but there is an indication that the shorter the length of the ceramic, the tighter the dimensional tolerance can be (see Table I ). This results in a smaller magnet gap and a saving on magnet costs. However, shorter ceramic lengths require more metal joints, which increases the cost and creates more disturbances to the magnetic field.
The cost can be divided into actual chamber cost and associated costs. The chamber cost includes the cost of ceramic and jointing. Associated cost covers the additional magnet pole gap to allow for chamber tolerance.
Ceramic Costs
There is some experience with various lengths of ceramic pieces--the Deutsches -2- Elektronen-Synchrotron (DESY) chamber is being made of 6-in, lengths of ceramic, the Cambridge Electron Accelerator (CEA) uses 18-in. pieces, and the Lawrence Radiation Laboratory's experimental lengths are 30 in. It would appear that a reasonable guide price for chambers of this cross section is $10 per linear inch of ceramic, which does not seem to vary for different lengths.
Jointing Cost
From the little information available, a guide price is $140 per joint. This includes metallizing the ends of the mating chambers, making two flanges, brazing the flanges to the ceramic, and welding the two flanges together..
Increase in Magnet Gap for Ceramic Tolerance Cost
In the case of the 8-GeV synchrotron, oneinch increase in magnet gap adds $1. 1 M to the total cost of the magnet system. As stated previously, there are indications that for shorter lengths of ceramic, tighter tolerances can be maintained, but there is not enough information to give exact figures. Therefore we assume that 0. 26 in. of magnet gap is required for 30-in. lengths of ceramic, and that this figure decreases linearly with the reduction of cramic length. magnet would be 15-ft long.
The synchrotron has a total of 854 ft of magnet; therefore, the cost of 0.25 in. of pole gap on a 13-ft magnet is 1. 1 x 10 6 x13 x 0.26 = $4370 854 Figure 4 shows the total cost (actual and associated) for a 15-ft chamber made from increasing lengths of ceramic.
Grinding the Ceramic to Reduce Tolerance
In joining the ceramics, the ends must be aligned as in Fig. 2, A or B. Figure 2C shows a case that would not be acceptable, and Fig. 5 gives a typical problem which would produce Case 2C. If the ceramics in Fig. 5 were moved. to align the ends, the ceramic would either foul the magnet pole tips when installed., or the beam would hit the chamber wall. Some of this error could be removed by grinding. Grinding internally may be difficult, but grinding the outside should not be a problem. If we assume that 33 1/o of the error can be removed by grinding and that grinding costs vary linearly from $40 per 6-in. length to $60 per 30-in, length, the applicable costs would be those shown in Table II .
Example
. Figure 4 gives the total cost for a 15-ft chamber made from increasing lengths of cer-A typical magnet for the 8-GeV synchrotron amic which have been ground after firing. is 13-ft-long; half its length has a focusinggradient pole tip, the other half a defocusinggradient pole tip. The vacuum chamber for this Table II Installation and Support of Chamber Alumina ceramic chambers are quite robust in spite of the low tensile strength of alumina. Nevertheless, the 15-ft chambers need careful handling to avoid overstressing the joints or applying high loads that might crack the ceramic.
To install the chamber in the guide-field magnets requires that it be threaded in from the end of the magnet. The total clearance between chamber and magnet is 0. 06 in. Therefore adequate support and accurate guidance during installation are essential. One method of support is to hold the chamber internally and guide one end down the center of the magnet gap. One end of the internal support may be supported from a crane, or it may be necessary to set up a platform (see Fig. 6 ).
When the chamber is installed in the gap, it must be located so that the accelerating beam can pass through freely without hittingthe chamber walls. It would be unsatisfactory if the chamber had to be optically aligned, especially if it had to be removed and reinstalled after operation of the machine. Therefore a locating device aligned priorto installing the chamber is required. Such a device (Fig. 7) as well as all items near the magnet gap should be non-metallic and radiation-resistant.
Prior to jointing the chamber pieces are surveyed and location points are ground on the outside. These points can then be used for setting up for jointing and also for locating the chamber when installed in the magnet gap.
Conclusion
With the present state of the art, and where the magnet gap is a dominating factor, it can be seen from Fig. 4 that the optimum length for making ceramic pieces with cross-sectional shape and sizes as mentioned, which are machined before firing, is 12 in. However, in a fast-cycling machine the amount of metal in the gap is also a dominating factor, and longer lengths may have to be adopted at a cost to the magnet gap.
One of the biggest prdblems in producing long lengths of ceramic is the supporting during firing. Slumping during the plastic state results in bow and (or) taper; this, can be reduced by making the wall thicker. Thickness can be increased by leaving the extra molding material on during the firing and grinding it off after firing. The ceramic has to be set up for grinding datum points so it is just as easy to grind the outer surface to size at the same setting. However, using this procedure does limit the outer shape as it is simpler to grind flat surfaces. A possible shape for the booster chambers, if the grinding tech'-nique were used, is shown in Fig. 8 .
The Cambridge Electron Accelerator at Harvard has 14-ft chamber assemblies installed The ceramic lengths are limited to 18 in. and were 'ground after firing. The ceramic external shape, however, is simpler than the booster shape.
Both the elliptical sections shown in Fig. 1 and the grind after firing shape shown in Fig. 8 are feasible. The elliptical sections involve high first cost, developing the mold size, green-state machining techniques, and a method fr supporting the chamber in the furnace, but may be very suitable for high-production runs--especially if 12-in, lengths are acceptable. The grind-afterfiring technique would be easier to put into production quickly and very suitable for small production runs. Figure 4 shows that' grinding -4- 
